Although, maize is the crop wherein heterosis or hybrid vigor has been exploited to nearly the fullest extent, the molecular and genetic basis underlying this remarkable biological phenomenon remains largely an enigma.To further explore the issue from an epigenetic perspective, we sought to probe for possible relationships between the parental epigenetic difference in the form of DNA methylation revealed by the epigenetic marker MSAP, among a set of 11 maize inbred lines and heterosis in four agronomic traits manifested by a set of 30 F1 hybrids resulting from a half-diallel crossing among the inbred lines. We found that a specific type of DNA methylation-level difference, that is, relative CHG (H denotes A, C or T) methylation levels at the 5'-CCGG-3' sites exhibits a statistically significant negative correlation with heterosis in the number of rows per ear (NRE) and a positive correlation with the number of kernels per row (NKR), whereas, no correlation was detected between any of the DNA methylation-level differences and the rest two studied traits, 100-kernel weight (HKW) and kernel weight per ear (KWE). In a sharp contrast, parental genetic distance revealed by the genetic marker AFLP did not show any correlation with heterosis for any of the four studied agronomic traits. Our results suggest that parental epigenetic difference in particular types of DNA methylation-level difference plays some significant roles in the manifestation of heterosis of specific traits in maize, but the effects can be in opposite directions, and hence, offsetting each other and cumulating to cryptic effects on yield, itself.
INTRODUCTION
Hybrid vigor or heterosis refers to the superior performance in one or more traits of crossbreds (F1 hybrids) relative to their inbred parents. This superiority can be related to increase in body-size, growth-rate and enhanced yield and its underlying components (Birchler et al., 2003) .
Maize (Zea mays L.) is a leading crop wherein heterosis has been exploited to nearly the fullest extent, but the underlying molecular and genetic bases remain largely unknown (Birchler et al., 2003; Hochholdinger and Hoecker, 2007; Liu and Tollenaar, 2009; Soengas et al., 2003) . In recent years, great efforts have been made to search for molecular markers that enable the categorization of the maize germplasm into distinct heterotic groups, such that heterosis can be used more efficiently and effectively. Unfortunately, highly discrepant results have often been obtained regarding the reliability or utility of the frequently used DNA molecular markers that reveal nucleotide sequence-encoded parental genetic differences (Lee et al., 2007; Qi et al., 2010) . Therefore, looking for alternative molecular markers that are more intrinsically correlating with heterosis represents an active research area.
Epigenetic markers, which are not dependent on the nucleotide-sequence but on covalent modifications of DNA and/or chromatins, are being increasingly recognized as playing biologically functional roles in eukaryotic development, primarily via their heritable regulation on gene expression. DNA methylation is one of the most prominent epigenetic markers existing in a vast range of eukaryotes and is particularly abundant in higher plants, in which it plays diverse roles during normal growth and development, as well as in times of stress (Lukens and Zhan, 2007; Zilberman, 2008) . Accumulating studies have documented that patterns of DNA methylation in maize F1 hybrids can be conspicuously remodeled relative to their inbred parents, which may function to regulate non-additive gene expression in the F1 hybrids (Zhang et al., 2007; Zhao et al., 2007) , thus, suggesting a possible role in heterosis. Indeed, it was found recently that there exists a statistically positive correlation between particular patterns of DNA methylation and heterosis in grain-yield heterosis in maize (Qi et al., 2010) . Nonetheless, it remains unknown which (if any) specific yield components are influenced by parental differences in DNA methylation, and in particular, what are the possible reasons that this relationship is sometimes undetectable or cryptic but at other times can be clearly discernible. Evidently, further investigations are needed to elucidate these issues.
The objective of this study was to explore if there exists a relationship between parental DNA methylation difference and several important agronomic traits related to grain-yield in maize. We report that there exist statistically significant correlations between particular DNA methylation patterns and heterotic manifestation of the agronomic traits, but the correlations can be in opposite directions, and hence, offsetting each other to render the cumulative effects of DNA methylationon grain-yield itself being cryptic.
MATERIALS AND METHODS

Maize inbred lines and field data collection for agronomic traits
Eleven maize inbred lines widely used in the Northeastern China Corn-Belt and 30 of their resultant F1 hybrids produced by halfdiallel crossing were used in this study (Table 1) . These lines were grown for agronomic performance at Jilin Agricultural University, Changchun, China, with three replications by the field experimental design, described earlier (Qi et al., 2010) . The agronomic traits studied here included the following: number of rows per ear (NRE), number of kernels per row (NKR), one-hundred kernel weight (HKW), and kernel weight per ear (KWE). Each of the four traits was subjected to analysis of variance, mid-parent heterosis (MPH) and better parent heterosis (BPH) by the formula:
BP F
Where, F1is the value of a particular trait of given hybrid; MP = (P1 + P2)/2 in which P1 and P2 are the values of a particular trait of a given pair of inbred parents, and BP is the value of the better parent (Table 1) .
Genomic DNA isolation and AFLP and MSAP analysis
Genomic DNA was extracted from expanded leaves at the 7-to 8-leaf stage for each of the 11 maize inbred lines by a modified cetyltrimethyl ammonium bromide (CTAB) protocol (Kidwell and Osborn, 1992) . The DNA was then purified by phenol extractions and quality and quantity checked by a spectrophotometer.
The standard amplified fragment length polymorphism (AFLP) procedure (Vos et al., 1995) with modifications for silver-staining (Wang et al., 2005) was used to assess the pairwise parental genetic distance (PGD) among the 11 maize inbred lines. Briefly, 300 ng of genomic DNA was double-digested with EcoRI and MseI at 37°C for 6 h followed by ligation of the restriction fragments to the adaptors for 4 h. Pre-amplification was performed with nonselective primers in a total volume of 20 µl containing 2 µl of 5-fold dilutions of the ligation products. In the selective amplification, the templates were prepared by diluting 10 to 20 times from the pre-amplified products and a total of 18 combinations of selective primers were used ( Table 2) .
The methylation-sensitive amplified polymorphism (MSAP) procedure was essential as reported (Reyna-López et al., 1997) but with modifications for silver-staining . The MSAP marker is a version of modified AFLP, which uses EcoRI and either of a pair of isoschizomers, HpaII and MspI, which recognize the same sequence 5'-CCGG-3' but with differential sensitivity to DNA methylation at the two cytosine residues. HpaII will not cut if either cytosine is fully (double-stranded) methylated, whereas MspI will not cut if the external cytosine is fully-or hemi-(single-stranded) methylated. Therefore, difference in methylation states at either or both of the cytosines will lead to differential digestion by the two enzymes, and hence, difference in the polyacrylamide gel electrophoresis (PAGE) profiles. Thus, MSAP was used to investigate the pairwise parental epigenetic difference (PEGD) in DNA methylation among the 11 maize inbred lines. In total, one pair of pre-selective primers and 23 pairs of selective primers were used ( Table 2 ). All restriction enzymes were purchased from New England Biolabs (Ipswich, MA). The AFLP and MSAP amplification products were fractionated by 5% PAGE. Only clear and reproducible bands that appeared in two independent polymerasechain-reaction amplifications and gel-running (starting from the digestion/ligation step, that is, the first step of AFLP or MSAP) were scored.
Statistical treatments for the molecular data
The scored AFLP and MSAP bands were transformed into a binary character matrix, 1 for presence and 0 for absence of a band at a particular position in the AFLP or MSAP profiles, as detailed in Qi et al. (2010) . Specifically, genetic distances (GD = 1 − GS) among the 11 maize inbred lines were calculated according to the Nei and Li (Nei and Li, 1979) , similarity coefficient: GS = 2Nij/(Ni + Nj), where Nij is the number of bands common to lines i and j, and Ni and Nj, are the numbers of bands specific to lines i and j. The distance matrix was subject to cluster analysis by the unweighted pair group method with arithmetic (UPGMA), and the dendrogram was constructed using NTSYS-PC v. 2.2 g (Rohlf, 1987) . Cluster analysis based on AFLP was performed using the Jaccard coefficients with the same program. Three kinds of cytosine methylation levels -CG, CHG, and total (CG+CHG) -for each of the 11 inbred lines were tabulated (angle matrices). Correlation coefficients of the AFLPbased GD and each of the three kinds of methylation (CG, CHG, and total) based PEGD with MPH and BPH (note that data of MPH and BPH were not symmetrical matrices) in GY and other traits were separately calculated by Mantel's test (Mantel, 1967) , and the statistical significance was determined based on 999 random permutations. (Table 3) , with an average of 0.345 across the 30 parental pairs used to produce the F1 hybrids. A dendrogram built on the PGDs divided the 11 maize inbred lines into several distinct groups (Figure 1) .
RESULTS
Parental genetic distances (PGDs
DNA methylation-level difference among the 11 maize inbred lines revealed by the epigenetic marker MSAP
By using a total of 23 pairs of selective primers, we scored 1197 clear and reproducible MSAP bands across all 11 maize inbred lines, of which, 997 are polymorphic in Table 2 . List of adaptors and primers used in the AFLP and MSAP analysis.
Adaptor Sequence Mse I-adaptor I 5'-GACGATGAGTCCTGAG-3' Mse I-adaptor lI 5'-TACTCAGGACTCAT-3' EcoR I-adaptor I 5'-CTCGTAGACTGCGTACC-3' EcoR I-adaptor lI 5'-AATTGGTACGCAGTC-3' L1  L2  L3  L4  L5  L6  L7  L8  L9  L10  L11  L1  0 either but not both of the two enzyme digestions, EcoRI+ HpaII and EcoRI +MspI. The number of CG and CHG methylated bands at the 5'-CCGG-3' sites were tabulated based on the criterion specified in Qi et al. (2010) . The relative methylation levels of three types, CG, CHG and total (CG+ CHG), were calculated for each of the 11 inbred lines, and presented in percentage (Figure 2 ). It was found that the CG methylation levels of these 11 inbred lines ranged from 19.69 to 21.81% (average 20.25%), the CHG methylation levels ranged from 9.47 to 13.74% (average 11.90%), and total methylation levels ranged from 29.68 to 34.66% (average 32.15%) (Figure 2) . Based on the difference in each of the three types of relative methylation levels (CG, CHG and total) (Table 4) , the corresponding dendrograms were constructed, which are similar to each other (Figure 3) , thus, indicating intrinsic correlations among the three types of relative methylation levels, as indeed verified by a correlation analysis (Table) .
Parental inbred line
Correlation of the AFLP-based parental epigenetic difference (PEGD) with the agronomic traits in MPH and BPH
We calculated for possible correlating relationships between each of the four scored agronomic traits: number of rows per ear (NRE), number of kernels per row (NKR), one-hundred kernel weight (HKW) and kernel weight per ear (KWE), which were known to contribute significantly to grain-yield, with the AFLP-based parental genetic difference (PGD). Data showed that no correlation was significant at the statistical level (Table) .
Correlation of the DNA methylation level-based parental epigenetic difference (PEGD) with the agronomic traits in MPH and BPH
We calculated for possible correlating relationships between each of the same four scored agronomic traits: number of rows per ear (NRE), number of kernels per row (NKR), one-hundred kernel weight (HKW) and kernel weight per ear (KWE), with the DNA methylation levelbased parental epigenetic differences (PEGD). These data showed that the parental CHG methylation levels showed significant negative and positive correlations with two of the agronomic traits, namely, NRE and NKR, respectively. Specifically, (1) CHG methylation level differences showed significant negative correlations with both the middle parents heterosis (MPH) and better parent heterosis (BPH) for NRE ( r = -0.477 and -0.493, respectively, p < 0.01) (Figure 4A and B; Table) ; (2) CHG methylation level differences showed significant positive correlation with MPH of NKR (r = 0.385, p < 0.05; Table) ( Figure 4C ), but insignificant correlation with BPH of NKR (r = 0.247, p > 0.05; Table) ( Figure 4D ). All the rest correlations are statistically insignificant (Table 5) .
DISCUSSION
Although, various nucleotide sequence-based DNA molecular markers have been used to categorize inbred germplasm into different "heterotic groups" in maize and other crops for the purpose of heterosis prediction, inconsistent and sometimes discrepant results have been obtained (Lee et al., 2007; Hochholdinger and Hoecker, 2007; Zhao et al., 2006) . This has fostered the proposal that more bio-logically meaningful markers need to be exploited for this purpose. Therefore, it has been suggested that parental differences in gene expression levels from a genomewide perspective (transcriptome) will likely produce more reliable markers for the prediction of heterosis, and indeed, some promising results were obtained (Stupar et al., 2008; Swanson-Wagner et al., 2009; Frisch et al., 2010; Thiemann et al., 2010) . Nonetheless, trans-criptome-based molecular makers are expensive to develop and, at the current stage, unrealistic to be readily used by breeders. Therefore, developing alternative and more robust markers is urgently needed (Qi et al., 2010) .
Accumulated recent evidence has established that genetic difference at the primary nucleotide sequence level is not the only determinant of organismal phenoltypes; instead, epigenetic differences dependent on heritable covalent modification of DNA or chromatin also plays important roles in regulating heritable but potentially reversible changes in gene expression, and hence, phenotypic novelty (Lukens and Zhan, 2007; Kimatu and Liu, 2010; King et al., 2010; Zhong et al., 2009) .
The combination of two differentiated parental genomes into a common nucleus with only one parent's cytoplasm by hybridization (that is, F1 hybrids) conceivably may cause a cascade of epigenetic perturbations resulting in remodeled epigenetic landscape that cause alterations of gene expression (Chen et al., 2006; Liu and Wendel, 2002) . Indeed, several studies have shown that even intraspecific hybridization may cause large-scale alterations in DNA methylation pattern and level, and novel patterns of gene expression, for example, nonadditive expression (Tani et al., 2005; Zhang et al., 2007; Zhao et al., 2007 Zhao et al., , 2008 , implicating its potential roles in heterosis. Recent studies in several crop plants including potato, cotton, Brassica, rice and maize showed that cytosine methylation might be directly or indirectly related to heterosis, though, the results can be variable in specific cases (Qi et al., 2010; Zhang et al., 2007; Zhao et al., 2007 Zhao et al., , 2008 Nakamura and Hosaka, 2010) . Correlations respectively between the AFLP-based parental genetic differences (PGDs) and middle parent heterosis (MPH) or better parent heterosis (BPH) for two agronomic traits, NRE and NKR, and between the MSAP-based various DNA methylation-level-based parental epigenetic differences (EPGDs) and MPH or BPH for the same two agronomic traits, NRE and NKR. The various correlations are denoted by different symbols. The statistical significance of the various coefficients are given in Table. It has been documented in a recent study in maize that a specific type of parental DNA methylation difference, that is, CHG methylation difference, is positively correlated with heterosis in grain yield (Qi et al., 2010) . Because grain-yield is a complex trait that is determined by many other traits in hierarchy, termed, yieldcomponent traits, it is meaningful to further explore the degree to which these traits that are influenced by differences in DNA methylation. To address this issue in maize, we conducted the present investigation. We found that among the four agronomic traits related to grain-yield we investigated the number of rows per ear (NRE), the number of kernels per row (NKR), 100-kernel weight (HKW) and kernel weight per ear (KWE). NRE and NKR showed respectively, a positive and negative correlation with CHG methylation levels at the 5'-CCGG-3' sites randomly sampled across the maize genome, whereas, the other two traits showed no statistically meaningful correlation with any of the DNA methylation levels. Our results suggest that parental epigenetic difference in particular types of DNA methylation-level difference, may play a significant role in the manifestation of heterosis of specific grain-yield-component traits in maize, but the effects can be in opposite directions, and hence, may offset each other and cumulate in cryptic effects on grainyield itself. Further knowledge of plant epigenetic modifications may enable manipulation towards modification of only genomic regions of interest, and enable their use as more reliable predictors for heterosis.
